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Abstract
Interaction of hydrogen with ceria is investigated by DFT-GGA calculations. Hydrogen adsorption on (111) and (110) surfaces is
compared with insertion into the bulk and subsurfaces using VASP calculations. The calculations predict that hydrogen atoms
insert within the bulk forming hydroxyl groups and slightly expanding the lattice. There is formation of an O-H...O sequence
including an OH formation and a H-bonding. It is also concluded that the hydrogen uptake is due to H adsorption on the surface,
followed by an athermic penetration in the subsuperficial region. The (110) orientation is more active than the (111) orientation.
© 2009 Elsevier B.V.
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1. Introduction
Because of its interesting redox and high dispersive properties, ceria (CeO2) has found a wide variety of
technological applications in environment and heterogeneous catalysis [1]. Ceria is used as an “oxygen storage”
component. It is capable of oxygen uptake or release during excursions in air/fuel atmosphere in oxidizing or
reducing regime, thus facilitating the safeguarding of the proper stoichiometric ratio during reaction conditions in
three-way catalysis (TWC)[2] involving sustained CO and HC together with NOx reduction. When stoichiometric,
ceria is a stable fluorite-type compound. It is an electrically insulating f-transition metal oxide with a wide band gap
of 6 eV [3], the 4f- block band lying between the VB and the CB [4]. Oxygen atoms in CeO2 units are very mobile
and leave easily the ceria lattice, giving rise to a large variety of non-stoichiometric oxides. Recently, several
theoretical studies concerned the non-reduced and reduced ceria [4–6]. The deviation of ceria from its ideal CeO2
composition has been extensively studied by temperature-programmed reduction (TPR) with hydrogen [7,8]. Fierro
et al [9] have reported nuclear magnetic resonance (NMR) spectra indicating the incorporation of hydrogen into
cerium oxide when it is heated in a hydrogen atmosphere, electron spin resonance (ESR) and X-ray diffraction
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(XRD) data that are consistent with the incorporation of hydrogen as well. Bruce et al [10] have reported the TPR of
CeO2 samples with a range of surface areas and conclude that there are two contributions to the hydrogen uptake,
one due to hydroxylation of surface oxide and a second due to incorporation of hydrogen into the ceria lattice.
Studies by Bernal et al [11] employing TPR and mass spectrometry (TPD-MS), however, suggest that hydrogen
interaction with ceria is strictly a surface process.
The aim of this work is to investigate the hydrogen–ceria interface by using DFT–GGA calculations. After an
optimization of the (111) and (110) cerium oxide surfaces, we first study the insertion of hydrogen inside the bulk
for several sites and that into slabs representing the surfaces with the (111) and (110) orientations. The hydrogen
adsorption on these surfaces is presented next.
2. Theoretical methods
In this paper, we use a periodic calculation with the Vienna Ab initio Simulation Package code (VASP 4.4.4)
[12–14]. In the VASP program, the Kohn–Sham equations are solved with generalized gradient approximation
(GGA) proposed by Perdew and Wang [15] and Perdew et al. [16]. Projector-augmented wave approach PAW
[17,18] has been used with plane wave basis sets. The PAW basis sets for Ce have as valence electrons s2d1f1.
Three-CeO2 layers of a thick slab are used to describe the surfaces. For the (110) surface, the rectangular unit cell
has dimensions 3.85x5.45x12 Å3 and contains three CeO2 units per layer. For the (111) surface, the hexagonal unit
cell, 3.86x3.86x16 Å3, contains nine atomic layers. This is a good compromise between accuracy and computational
effort. The vacuum between the slabs is 8 and 11Å, respectively for the two surfaces. We verify that the electrostatic
part of the potential drops in these regions. We have checked that the spin is quenched under adsorption or insertion.
The integrations in the Brillouin zone are performed using a 5x 5x 1 Monkhorst–Pack sampling in the Brillouin
zone. For the geometry optimizations, the upper part of the slab (one cerium layer and two oxygen layers) has been
optimized while the lower part (two cerium layers and four oxygen atomic layers for the (111) orientation; the lower
layer for the (110) orientation) has been frozen. The atomic hydrogen energy is equal to -1.1046 eV.
The adsorption energies were defined as the difference between the total energy and that of the naked CeO2 slab
plus the atomic hydrogen energy:
Eads(H/CeO2)= EH/CeO2 –[(EH+ECeO2)] (1)
It is negative for an exothermic adsorption. The insertion energy is similarly defined relative to the bulk.
3. Results
3.1. CeO2 Bulk and (111) and (110) surfaces
Cerium oxide has a fluorite structure (CaF2), consisting of a cubic close-packed array of metal atoms with all
tetrahedral holes filled by oxygen atoms. Each Ce+4 cation is surrounded by eight O-2 ions, which form the corners
of a cube. Each O-2 ion is surrounded by four cations in tetrahedron. The optimization of the structure by DFT-GGA
calculation gives a cell parameter of 5.447Å, corresponding to a cerium–oxygen distance equal to 2.34 Å. This
distance is in agreement with experimental value, 2.343 Å [19].
The most stable surface has the (111) orientation [1]; it is made of the superposition of successive sets of three
atomic layers, each one containing a single type of ions, the set having the bulk stoichiometry. The slab can be
described as stacking of O–Ce–O tri-layer sandwiches. It is classified of type II according to Tasker’s classification
[20]. The (110) slab is made of the stacking of identical and stoichiometric layers. It is classified of type I in the
Tasker’s classification [20]. The difference in stability is the consequence of the relative cost of the cleavages from
the bulk crystal. The (111) orientation is the most stable orientation since it corresponds to the minimal cleavage of
Ce-O bonds.
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3.2. Insertion into the bulk
The cubic vacant site located at the centre of the ‘‘small cube’’ formed by eight oxygen atoms within the larger
Ce cube made by the conventional unit cell. When all these cavities are filled, there is one H per CeO2 ( = 1). The
DFT calculations of hydrogen insertion in bulk of CeO2 were performed at four concentrations,  = 1/4, 1/2, 3/4 and
1. We have calculated the structural relaxations in the unit cell when H was placed within a cavity and optimized.
Then, the H atom does not remain at the high-symmetry position at the center of the cavity but moves away binding
to one of the neighboring oxygen atoms. This results in the formation of a hydroxyl group (O-H distance is equal to
1Å) within the cerium oxide bulk in agreement with those from Sohlberg et al [21]. As concentration increases,
insertion becomes more and more exothermic, indicating a larger capacity of insertion. The number of O-H bond is
that of the inserted hydrogen atoms. Finally, we observed an expansion of the CeO2 lattice with the increase of the
hydrogen concentration (see Table 1).
Table 1. Hydrogen insertion in CeO2 bulk
 Hydrogen position Energy/H atom (eV) Lattice parameter (Å) O-H distance (Å)
0 - - 5.447 -
1/4 (1/2 1/2 1/2) 1.420 5.526 1.006
1/2 (1/2 1/2 1/2) 1.485 5.611 1.050
(1/2 0 0) 1.050
3/4 (1/2 1/2 1/2) 1.538 5.710 1.039
(1/2 0 0) 1.016
(0 1/2 0) 1.028
1 (1/2 1/2 1/2) 1.800 6.038 1.034
(1/2 0 0) 1.004
(0 1/2 0) 1.004
(0 0 1/2) 1.062
3.1. 3.3. Insertion and adsorption of hydrogen in/on ceria surfaces (111) and (110)
In table 2, we show the results of calculation of H adsorption on a surface-oxygen which is the mode of lowest
energy and compare them with H insertion within the first interlayer spacing. The (110) slab is more reactive as
expected since it is the lesser stable orientation. We show in Figure 1, the geometry (adsorption and insertion) for
this case. In both cases, H binds to one O atom forming a hydroxyl group and participates to H-bond with another O
atom. At the surface, this is another surface atom generated by the translation symmetry. In the interstitial region,
the two oxygen atoms involved belong to two different layers. In the case of the (111) orientation, the H is inserted
between two successive O layers. On the basis of thermodynamics, H easily adsorbs on the (110) surface and could
move to the interstitial region between two O layers by an athermic process. Comparing results from table 2 to those
of table 1, one can conclude that the penetration of hydrogen is especially favorable in the subsuperficial region. The
expansion that goes together with the H insertion is more likely close to the surface, achieved by an increase of an
interlayer spacing.
Table 2. Adsorption and insertion of hydrogen on/in ceria surfaces
Slab orientation Energy/ H atom (eV) O-H distance (Å)
Hydrogen insertion (111) 2.54 0.987
(110) 3.77 1.012
Hydrogen adsorption (111) 2.69 0.988
(110) 3.72 1.015
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Fig. 1. Interaction between H and CeO2(110). a) Insertion in the subsuperficial region. The interstitial spacing is increased and there is a buckling
of the neighboring layers. b) Adsorption. In both cases there is formation of a O-H…O sequence including an OH formation and a H-bond.
4. Conclusion
We have performed DFT calculations for the hydrogen insertion into the bulk of ceria, for the H interaction close
to the surface. One H atom binds two O atoms through a chemical OH bond and H-bond. The (110) surface is
particularly reactive, adsorbing easily H which can penetrates below the surface at no energy cost. A study to the
energy barrier for the migration is under study. The uptake of hydrogen by ceria produces a lattice expansion. It is
easier in the subsuperficial region, the insertion of H increasing the interlayer distance. These results are in good
agreement with experimental reports.
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